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The inter-a-inhibitor (lal) family is comprised of the plasma
protease inhibitors laI, inter-a-like inhibitor (laLI), pre-a-
inhibitor (PaI) and bikunin. lal, laLI and PaI are distinct
assemblies of bikunin with one of three heavy (H) chains
designated HI, H2 and H3. These H chains and bikunin are
respectively encoded by a set of three H genes and an a-
microglobulin/bikunin precursor (AMBP) gene. All four gene
products undergo maturation steps from precursor polypeptides.
The full-length cDNAs for the HI-, H2- and H3-chain precursors
were cloned from a mouse liver cDNA library and sequenced.
Extensive searches of amino acid sequence similarities to other
proteins in databanks revealed (i) a highly significant similarity
of the C-terminal sequence in the three H-chain precursors to the
multicopper-binding domain in the group ofmulticopper oxidase

INTRODUCTION
The inter-a-inhibitor (laI) family (reviewed in refs. [1,2]) en-

compasses a set of at least four mammalian plasma protease
inhibitors, designated lal, inter-a-like inhibitor (IaLI), pre-at-
inhibitor (Pac) and bikunin. These molecules are exclusively
synthesized in liver. They are made up of a series of four distinct
polypeptides, including three evolutionarily related heavy (H)
chains HI, H2 and H3, and a light chain designated bikunin after
its tandem arrangement of Kunitz-type protease inhibitor
domains. lal corresponds to an (HI +H2 + bikunin) assembly,
laLI is comprised of (H2 + bikunin) and Pac is made up of
(H3 + bikunin); bikunin is also present as a free molecule in
plasma [1-5]. The bikunin polypeptide originates from an al-
microglobulin/bikunin precursor (AMBP) [6]. This precursor

undergoes post-translational processing which results in two
mature polypeptides, i.e. at-microglobulin and bikunin, only the
latter being a component of the various molecules found in the
lal family. Likewise, the mature HI, H2 and H3 chains originate
from three HI, H2 and H3 precursors. These precursors undergo
processing steps that trim a short N-terminal propeptide sequence
as well as a stretch of about 250 amino acid residues at the C-
terminus [7,8]. Ultimately, the series of lal family molecules are
made up of the mature H chains and bikunin held together via
quite unusual covalent protein-glycosaminoglycan-protein
cross-links [4,9]. Contrasting with these detailed features of chain
structures and assemblies in the family, and the protease in-
hibitory activities of lal family members as observed in vitro,
very little is known about the functions of these molecules in vivo.
One or another among the laI family members could possibly act

proteins and (ii) the presence of von Willebrand type-A domains
in the mature H chains. Amino acid sequence comparisons
between the three mouse HI-, H2- and H3-chain precursors and
their human counterparts allowed us to appraise the timing and
order of occurrence of the three H-chain genes from a shared
ancestor during mammalian evolution. Owing to a multiple
alignment of the six mouse and human nucleotide sequences for
these H-chain precursors, a reverse transcriptase PCR assay with
degenerate oligonucleotides was designed, allowing us to (i)
present evidence that no mRNAs for further H genes exist in
mouse liver and (ii) demonstrate a previously undescribed
transcription of the H2- and H3-chain mRNAs in mouse brain,
which contrasts with the expression of all four, HI, H2, H3 and
AMBP, mRNAs in liver.

as an endothelial cell growth factor [10], have a hyaluronan-
binding capacity [11,12], or participate in the inflammatory
response to an acute infection [5].

Using mouse as a model, we are currently interested in
determining precisely the biological functions and regulation of
expression of bikunin and the HI-H3 chains in the lal family.
We have demonstrated that, as in man, four AMBP, HI, H2 and
H3 genes are present in mouse. These genes display arrangements,
chromosomal locations, transcript sizes and a liver-restricted
expression that are quite homologous in the two species [13-16].
We now present the sequences of the full-length cDNAs for
mouse HI-, H2- and H3-chain precursors. The deduced protein
sequences allow us to infer previously unsuspected functions for
these H chains, as well as to date the divergence of this multigene
family during mammalian evolution. These cDNA sequences
were further used to design a reverse transcriptase PCR (RT-
PCR) assay. This has allowed us to demonstrate a previously
unreported transcription of the H2- and H3-chain mRNAs in
mouse brain, which contrasts with the known expression of all
four, HI, H2, H3 and AMBP, mRNAs in liver.

MATERIALS AND METHODS
Probes, library screening and nucleotide sequencing
A mouse (strain C56BLG/N) liver cDNA library cloned at the
Eco RI site in the Agtl 1 phage vector was initially prepared in Dr.
F. Gonzalez's laboratory (National Institutes of Health,
Bethesda, MD, U.S.A.) and further amplified by Professor
P. Arnaud (Medical University of South Carolina, Charleston,

Abbreviations used: AMBP, a1-microglobulin/bikunin precursor; H, heavy; lol, inter-a-inhibitor; laLl, inter-a-like inhibitor; ORF, open reading frame;
Pal, pre-a-inhibitor; RT-PCR, reverse transcriptase PCR.
The nucleotide sequence data provided in this paper have been deposited in the EMBL/GenBank/DDBJ Nucleotide Sequence Databases under the

accession numbers X70391, X70392 and X70393.
* To whom correspondence should be addressed, at INSERM U-78, B.P. 73, 76233 Boisguillaume Cedex, France.
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SC, U.S.A.). The library was propagated in Escherichia coli
Y1090 strain and the positive colonies were plaque-purified by
successive rounds of nylon filter hybridization. Human partial
HI-, H2- and H3-chain cDNA probes cloned from a liver
cDNA library [13,17,18] or newly isolated mouse cDNA probes
were labelled by the random oligonucleotide procedure with
[a-32P]dCTP (3000Ci/mmol; Amersham) at a specific radio-
activity of 0.5 x 109-2 x 109 c.p.m./,ug. Hybridizations and post-
hybridization washes were performed at high (rodent cDNA
probes) or low (human cDNA probes) stringency as previously
described [5,13]. Autoradiographic exposure to Hyperfilm-MP
(Amersham) was performed at -80 "C with intensifying screens.

Eco RI-digested inserts of the positive Agtl clones were sub-
cloned into a pUCBM20 or pUCBM21 plasmid (Boehringer-
Mannheim). Dideoxy sequencing at both ends of the insert was

carried out with alkali-denatured double-stranded DNA, a

universal (forward or reverse) primer for pUC-based plasmids,
[a-[35S]thio]dATP (1000 Ci/mmol; Amersham) and a T7 poly-
merase sequencing kit (Pharmacia). For every clone detailed
below the complete sequence of the insert was obtained on both
strands from a series ofnested deletions made with an exonuclease
III-based kit (Pharmacia). Compression artifacts were resolved
with 7-deaza-dGTP (Pharmacia kit) and/or H-chain-specific
oligonucleotides. Direct dideoxy sequencing of some RT-PCR
products (see below) without subcloning was carried out as

described [19] using a specially designed degenerate oligo-
nucleotide as a sequencing primer (see the Results section).
Finally, some RT-PCR products were first subcloned into a

pGEM-T or pUCBM20 plasmid (see below) before conventional
sequencing. The assembly of partial nucleotide sequences and
some data analyses were performed using DNASIS software
(Pharmacia).

Computerized searches for amino acid sequence similarities in
protein databanks
Similarities between one or more H-chain sequences and the
series of polypeptide sequences currently available in various
databanks were extensively investigated as follows. First, about
30 short blocks of nine or more highly conserved amino acid
residues between H chains, as indicated by a multiple sequence

alignment (see the Results section), were separately matched
against the SWISS-PROT databank (release 22) with the
EMBLScan software, and the threshold for a significant similarity
between polypeptides was arbitrarily chosen as 50% or higher
identity over at least ten residues; the possible similarities thus
found were further examined by a complete chain alignment.
Second, the cDNA-deduced complete amino acid sequences of
all three mouse H chains were compared with the PIR/MIPS
databank (release 35) using the FASTA program [20] and with
the non-redundant protein databank at NCB1 using the BLAST
program [21]. In addition, the program CLUSTAL [22] was used
to build up a multiple alignment of the six human and mouse H
chains. This multiple alignment was used as an input to build a

profile [23] which in turn became a query sequence for searching
the PIR/MIPS databank with the program PROFILESEARCH
from the GCG package [24] running on our local VAX/VMS
6300 computer. Each of the human and mouse sequences was

also compared with the PROSITE (release 9) [25] and BLOCKS
[26] databanks. All subsequent pairwise alignments were per-
formed with the BESTFIT program from GCG.

PCR and RT-PCR
Total RNAs from mouse tissues were prepared by the guani-

a CsCl cushion. RNA integrity was controlled by visual in-
spection of the 18 S and 28 S rRNA bands in agarose gels. RNA
concentrations were determined from the absorbance at 260 nm.
RT-PCR with total RNAs or conventional PCR with cloned
DNA in plasmids used as controls were carried out with a pair
of specific oligonucleotides (Genosys) at 20 pmol each, a 10 x
buffer (Promega), dNTPs (Pharmacia) 200 #M each, 2.5 mM
MgCl2 and 1.25 units of Taq polymerase (Promega), in a 100 #1
final reaction volume. The PCR conditions used for a pair of H-
chain-specific degenerate oligonucletides as well as a pair of
AMBP-specific oligonucleotides (sequences detailed in the
legends to Figures 5 and 6) were: denaturation step for 4 min at
95 °C; five cycles (94 "C for 20 s/60 °C for 1 min/72 °C for 2 min)
with ramping (6 s/ °C, from 60 to 72 °C); 25 cycles as above
without ramping; last elongation step at 72 "C for 10 min. Before
standard PCR steps, the RT-PCR included a cDNA first-strand
synthesis carried out in 30,ul with 2,tg of total RNAs, 60 units
of RNAsine (Promega), dNTPs (1 mM each), 250 pmol of
random hexamer primers (dpN6 from Pharmacia) and 400 units
of RT from murine moloney virus (Gibco-BRL) in 10 mM
Tris/HCl, pH 8.3, buffer containing 15 mM KCI, 0.6 mM MgCl2
and 25,M dithiothreitol. After completion of the reaction at
37 "C for 1 h, 15 #1 of the reaction products was used for the RT-
PCR step detailed above. Control experiments for RT-PCR
included template digestion with either RNAase-free DNAase
(from Gibco-BRL) or DNAase-free RNAase A (heated at 80 "C
for 2 h before use). A control plasmid was made of the full-length
mouse H3-chain cDNA (see the Results section) subcloned at the
Eco RI site of the polylinker into the pUCBM21 plasmid
(Boehringer-Mannheim). Finally, the gel-purified RT-PCR
products were subcloned into a pGEM-T plasmid (Promega) or
a SmaI-restricted pUCBM20 plasmid; some restriction frag-
ments from the RT-PCR products were subcloned into a
(SmaI +KpnI)- or a (SmaI+SalI)-restricted pUCBM20
plasmid.

RESULTS
Nucleotide and deduced amino acid sequences of the Hi-, H2-
and H3-chaln cDNAs in mouse
From a mouse liver cDNA library, a series ofcDNA clones were
identified for the HI-, H2- and H3-chain precursors. They were
subcloned into a pUCBM20 or pUCBM21 plasmid and
sequenced on both strands by a nested deletion strategy. As
shown in Figure 1, two HI or three H2 clones were used to cover
the entire HI- or H2-chain cDNA sequence respectively. They
were designated AMoH1-7 and AMoH1-9 (H1-chain cDNA) or
AMoH2-14, AMoH2-18 and AMoH2-19 (H2-chain cDNA). A
single H3 clone, designated AMoH3-38, provided the full-length
sequence for the H3-chain cDNA. The resulting nucleotide
sequences of the three full-length cDNAs along with the three
deduced open reading frames (ORFs) are provided separately
(EMBL/GenBank/DDBJ Nucleotide Sequence Databases:
X70391, X70392, X70393).
The HI-chain cDNA is 2904 bp long. The largest ORF is 907

amino acids long and starts with a leucine-rich signal peptide
located from Met-26 to Gly-1 (the signal peptides are numbered
negatively). The proposed borders for this signal peptide best
respect the expected hydropathy profile and the so-called
'-3/-I rule' [27]. The H2-chain cDNA is 3125 bp long. The
largest ORF starts with two methionines in neighbouring
positions (first and fifth amino acids). None of these is encoded
by an AUG initiation codon with a nucleotide environment that
satisfactorily fits Kozak's minimum consensus [28]. Thereforedinium isothiocyanate procedure followed by centrifugation onto
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Figure 1 Mouse cDNAs for the Hi-, H2- and H3-chain precursors: cDNA
clones; locatlon and restriction mapping of RT-PCR products

A code for the Agtl 1 clones is indicated on the left and the assignment of each clone to an
H-chain precursor is quoted on the right. The horizontal arrows in a forward or reverse
orientation correspond to sequences that are highly homologous between the three H-chain
cDNAs and were used to design degenerate, sense or antisense oligonucleotides for RT-PCR.
The restriction sites used as controls for identification of the RT-PCR products are indicated with
vertical arrows (numbering according to the corresponding mouse cDNA sequence provided in
the EMBL data library).

either of these AUG codons may be the genuine translation-start
site. When taking the most upstream AUG into account, the
deduced peptide sequence is 950 amino acids long and starts with
a leucine-rich signal peptide most likely located from Met-22 to
Ala-', as inferred from ref. [27]. The H3-chain cDNA is 2775 bp
long. The largest ORF is 886 amino acids long and starts with a
leucine-rich signal peptide most likely located from Met-'8 to
Gly-', as inferred from ref. [27].

Homologies and differences between the H-chain precursors
Amino acid sequence comparisons were made between the three
H-chain precursors as well as between mouse and human
sequences [7,17,29,30]. The resulting sequence alignment of the
six H1, H2 and H3 polypeptides from human and mouse is
presented in Figure 2. The levels of strictly conserved amino
acids (Figure 3) indicate that all three H-chain sequences have
been highly conserved from primates to rodents, the identical
residues between species for a given H-chain precursor being
830% or more. Furthermore, in both human and mouse the
sequence homology is strongest between H3 and HI whereas the
H2 sequence is most distantly related (Figure 3). Also, and
excluding the signal peptides from our analysis, we note that all
cysteine residues in the H-chain precursors are conserved from
mouse to human (Figure 2) with the exception of the Cys8l
residue in the mouse H3 chain which is replaced by Ser8' in the
human counterpart. Finally, it is noteworthy that the potential
N-glycosylation sites found in human H-chain precursors are all
strictly conserved in mouse (see Figure 2: Asn'07, Asn811, Asn787
for HI; Asn98, Asn'20, Asn449 for H2; Asn120, Asn81' for H3)
whereas the latter species has gained one further site in each of
these H chains (HI: Asn310; H2: Asn267; H3: Asn757).
The comparison between HI-, H2- and H3-chain precursors

also provides important features, regardless of the species. The
overall sequences in the precursors (Figure 2) can be grossly
divided into three segments: (i) a first half (residues 69-527)

where strictly conserved (reverse printed) residues are evenly
H3 distributed along the sequence; (ii) a further 20% (residues

528-713) where blocks of conserved residues alternate with long
stretches of quite divergent sequences including many alignment
gaps and even rodent-associated deletions; (iii) a last 30%

f H2 (residues 714-954) the arrangement ofwhich is similar to the first
half. Therefore one may predict that some differences in functions
between the three H chains would result in particular from the

l intermediate segment in the precursors, i.e. the C-terminal area

Hi of the mature chains. Finally, the sequence DPHFII7'3 is strictly
J conserved between chains and species; notably it contains the

Asp708 residue which is the C-terminus of the mature H2 and H3
,.2 kb chains in human [4,9], strongly suggesting that this homologous1 3'

Asp708 residue is the C-terminus of all three mature chains in
human and mouse.

Presence of von Willebrand type-A domains and multicopper
oxidase domains In the H chains
To discover some potential biological functions of the H chains,
an extensive search for amino acid sequence similarities between
the H-chain precursors and other polypeptides was carried out
with help from several, non-redundant databanks and computer
programs (see the Materials and methods section). First, the
trivial observation that the H-chain sequences contain amino
acid stretches or domains with such potential activities as
amidation or myristoylation sites and ck2- or pkc-associated
phosphorylation sites was made during our search with the
PROSITE databank [25] and is not detailed here. The major
findings of our searches are presented in Table 1 and the amino
acid sequences involved in the three H-chain precursors are
underlined in Figure 2. Significant similarities were found
between one or more H-chain segment(s) and (i) a tyrosine
phosphorylation site, (ii) two proteins containing von Willebrand
type-A domains, and (iii) the copper-binding domain of multi-
copper oxidase proteins. As shown in Figure 4, a sequence that
fits the consensus provided in ref. [25] for this multicopper
oxidase domain is (i) unambiguously present in the mouse HI-
and H3-chain precursors, within the C-terminal sequence which
is trimmed off in the mature polypeptides and (ii) present, with
a lower similarity level, in the homologous area of the mouse
H2-chain precursor. Identical observations apply for the human
chains (compare human and mouse sequences in Figure 2).

A new RT-PCR assay for any H-chain-related transcripts detects
only three transcripts in mouse liver
As the three HI-, H2- and H3-chain cDNAs correspond to
evolutionarily related genes that originate from a shared ancestor
(see the Discussion), we wondered whether more than three
genes and mRNAs could exist and we sought further H-chain
mRNAs in mouse liver by using a specially designed analysis by
RT-PCR. The three mouse cDNA sequences were compared
with the human cDNAs by a multiple alignment (not shown)
that highlighted two regions of strongly conserved nucleotide
sequences. These regions allowed us to design a pair ofdegenerate
oligonucleotides (sequences in the legend to Figure 5) that were
used in RT-PCR. The locations of the three sequences in mouse
H-chain cDNAs used to design this pair of oligonucleotides are
indicated in Figure 1 (arrows). Furthermore, the choice of this
oligonucleotide pair was made so as to amplify an HI-, H2- or
H3-chain sequence (830 bp in length) harbouring a unique,
HI-, H2- or H3-chain-specific restriction site, namely KpnI, SalI
or Pvull respectively, as depicted in Figure 1. The relevant re-
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3UH1 -OPROL--LLCM SLLI--------L---A-----LAPALGIATGRBXKSI AVDTA --- 65
3o031 ATOLRVLLC-- P1LLT----------------LOARPAL ATORPROIZ AVDTS - --
HUH3 ----------V, LOI ---------------- ALQLOSLC IPPRPFRLLO ILPOV- - -
303 P------- CL ALLSO -------------------LITI FPRIPLRLLO BLIZUV- - -
RUH32 RLTCP- -FlCp VIVB I OXKLIFVDT1DLV3LAPOKFQLVAENRRY ILPOISIZI
3032 RPVCL- -LIWL 1LAQ UIIXIXNGNFAUYTDLVILAPDKLPFVQINORH LP1USO11

HU01 ---VDOVFI ICKV VVTIQ ..A.IAR 3 AF 130
3031 - - -vEov8I VCK TVITIQ ADKAR II AI I Al
3U 3 - - -A OGIV I113 3VVT ADYAK 1 3 I TY
XO3 - --VDOI3 I8CKV VVTT ADTAK I I TY
HUH2 3NIVDQVTL QSTI T3XQI IPQPQ QV V KTY
302 TDTVDPVTL VQ8T TTIQ8K BPLPQ QI TY

3U01 XOD SAtK R& AII ::ABORT IXLTV3PQ L 3NQ 195
3031 IOD TANK AVL I AIORI TITVOAQ L L3Q
HU03 PON VAKK 1OASORK VIV3VAAG r LL KOK
3XO3 PON VAQA IGKAIRK VIVVAAG V LL KOK
HUH2 R1X GVRA AAA ALD KT3VNVLPO K LGS
3032 TSI VORA BRTLD TIVNIPPG K LOS

H2, H3
UH1 XIVIKV IDVD IIS AQA PLIILAAQTI J10 V8 260
3031 DITIKV IDVDI IIx AQk ATI ISO V8
HUR3 MYLKV IVDX IIXs AAk ITNDLLOIAL 1830 BLD
3013 TYLKV I IDAHI Is k ASITNDLLGIAL 110 s LD
HUH2 HRIYL OVIV RF VIPDT GOHFDOVPVXI - -Q TVA
3032 SHRIlL NVIXI RI VPDTUOHFQOVPVIX --Q TVA

HU301 TLL FKV -NKICDLLV33 I 325
3o 1 T LL K V -KLCDLLV
HU33 DSLL FTI -8POIVQI
30 3 RI D LL FTX -8POVQO VV I
HUH2 R KTAV LVV UKAOLZV PXI I
3OH2 ITAV ILVV 3KAOZLIXV1 I I

HUH1 LK 0POP FDLV TRVQO KOSVQA IA3LQ DF1VRO1GLDIGA 390
3O0 1 LFRPVDLV IKVQI G01wIVISWALS DPVRRPLAOAU
HUH3 AL K LNII GDVIB IEVQATPZNLQ TFVKS3NDKQM
MOH3 1 I DL K LIII TDVT KD QOATPANLK TFVKNIXHDQBU
HU32 KVI 0113 3D5IQLQKHRLO RYIXKIQPSG
3OH2 XIP K RTElVV H VR 3D.VIATKTQIACRTIIKXQPI8
3UH31 I 0VILIIPLIS IX L ITD VTORIS RNR FR1 455
3031 I KAQOIUP L I L IT TORI 3II RORIPIUJ
3UH3 I RZXRXPZRRI I L A S1R 1B IAU0GK11ET
3o03 I RXDQTVIPRI XXII L AlD 13 1RV RAUOKI1Y
HU32 I ARNIALOLLDPI LI VI PT LKLI IUUODIIIEVIE
3OH2 I AI IAINGLLNPDS I V DPT LKLI KQaIQDWIIEFIE
HU33 1 INVDOF DVI T IDL DAVLA N 520
MO31 1 DLDI VII DA LA
HUH3 ILNY NMMA DI 0 13 NAILD 3

3OH3 NLNY TLA 11v QAXLD N
HUH2 DVDYVOT KRL: I TIVTD3O02 I IDVDY KRLaI I I I I A VTD
0R31 HRKQOTTE XIADIKOIIKADVQAHOOITCITXTCLVD 3KIR GROHKL1ICV1 585

3031 RIKOTYY sRIAXNKHLNTFKADVRAROEKQNFRATCLVD1EMNKKLERERGHVL1N3V1
3U03 TYQIFY LVDND3NFKADVKXONOATIDLTFTEEVDMKI3IKAIORDYIXFIYIX
3033 IYPRYFT LVDRI3DMFKADVKO3OAL3DLTFTE1VD33DAA5IQOYIIFDYXT
3032 3N13TYP DQIAKDQXIIVXTABANTAQLVLZTLAQ0DLQDI3XDKHADPDFTR
3OR2 F1YF1 1DPSKLT1VQIXXTATIANTELVL1TLIQY DDL3RXD. HADPDFTK

HUH3
3UH1 -KKVDREALSSQI TIYGO I XRO3ADQDOLKPTIE3P 650
3031 1_OB - Alql-YXKTBSERAWLSSQ TDYH LTXIRGLTD1DGLZPTIEK
HU33 -KNAHO1EKEWLTAR YR 3VVTXPEDN1DERAIAIKP
3033 -KNAKODK1WIXTAE TXY I3VVTKPZDN0DQTIX A
HU32 ILAPTAAAKRWITR9I 3HH ILVIZN- -ZAODER LAAP
302 ILAPTAAXXRKXTKTX I 3HX VXN- -DAODERYLAUP

HUH33 SZDSP-- PLEXLOPRRTFVL9ALQPSIPT3SS9TQRL - --PDRVTO V 715
KOH1 LZDIQ---------PLE3VOPRRTPVLSAIQPSPTAMPTDS-KL----PLRVTT V
3U03 OKDAI---------ATP-VSPAISY-LTSYQPQPY---------------
3OH3 CE------A- A-1TTT8F1-LTT PYYY-------------QQIIOIPYY
3U02 PQDPSCCSGALYYGSKVVPDSTSPSWA N8PTPVISXLAQSQOVLESITI1HV3 IL
MOH2 PQD3SCCSCALYYOTKVASGPIPWANPSPTPXALAXLAVGAXPLTSTPPTHLNL L

HUH31 IKIDT Ia I I PsTPS LI 310QHD3 - APATDFQ 780
3OHI 10 I ID T31 I 1100QHz1- I1IPTSDFO
H303 EKDDODA U I VTL I IPOSRIKYRT X AQDKF
3o 3 0 11 U I V XIIII RIjASISRTO ITWkWDFR
HUH32 QKS X 1 IV S1111PNOXLI-- TIQIEDIK
3032 13R3333 a I I PEIEIV LI RANXLS-- TVQOKGOK

HU31 TPQ LN GFG0PV AVLRQDOVVVTINKKRNLVVSVDDOG SV a30s1 845
3031 1P10qTLmISSISO1 VLQKDGVVVTI3XXRNLVVSVDDOATI 3 GOISA
3UH3 ITTE ICOTGRA-Tl VTVTQDCLI33IN3RI-3VVIIODOV V 33P
3033 ITT ILOTGABL9T VTVTQTGLIVTINRKK33VVISODI IV II KHP
HU32 I ISTIT LIHOIT 8I I AQVTIQRVQOIVKUKXVVTITLDOK13IEVL R Ku11
3O02 I IT8T1 LSSISSTSR I AHLONSRVLSVKX1KSVTLTLNKELFEBVL R3 331

HUH1 H LDOHR R3T 1HP0I1GZV1D1 1 D1 RIRRT 910
3031 3 LOIRS T3 SIPLDIEVFDL 1 3 K3R1TV
HUH3 3R VD8HR QT3 QPFDPFXVIDIX RIxMOH 3 H _FrDSHR AT HQ tDyPFxvrax S EDflTX mg$EKrl<V
HUH2 N TI PPN1K KAK I QlPKXIFN3II 1 13 KOQKIL E
XO32 N Ix PPD3 PRVI QZPAIHINER 3Z 11m 33GH KT

HUH3 1 PMA I XIDIF0------ 954
3031 e R AT D1IP ------
HUH 3 EASax ME> < H PLY - -- -- -
MOH3 R aIT 3

I LFL------
HUH 2 iR LVP TS yX OPLYSF LXRP3H02 3R LI ET

I V IQLYISLKRP:
H2

Figure 2 Multiple sequence alignment for the human and mouse HI-, H2-
and H3-chain precursors: indications of domains with potential activity

Each human (HU) or mouse (MO) precursor is identified on the left. The residues that are
identical in all six chains are reverse printed. Note that a very high level of conservative changes
can be observed between chains but this is not highlighted for clarity. Gaps (-) have been
introduced for maximum similarity. Amino acid numbering is indicated on the right; this
arbitrary numbering is specific to this multiple alignment and does not match any of the discrete
numberings otherwise used for the human [7,17,29,30] and mouse H-chain precursors. The
first four residues in the human Hi signal peptide (MDGA [29]) or mouse H2 signal peptide
(MSSK in this study) have been omitted: they are not found in the mouse Hi precursor (this
study) or human H2 precursor [7] respectively. The most likely borders of the signal peptides
(see the text) are boxed. Columns containing one or more potential N-glycosylation sites are
indicated with a closed circle, and the involved N residues in the column are underlined (some
underlinings are reverse printed). The probable C-terminal cleavage point shared by the mature
Hi, H2 and H3 chains is marked with an arrowhead. The matches of some H-chain domains
with other polypeptide sequences suggesting potential biological activity (see Table 2) are

37.5%

Figure 3 Amino acid Identities in the three Hi-, H2- and H3-chain
precursors: comparisons between chains and between species

The number of identical amino acids shared by a pair of polypeptides is given as a percentage
of the total number of residues in the longest polypeptide compared in each pair. Conservative
amino acid changes were not taken into account. The signal peptide sequences were excluded
from these calculations. The cDNA-deduced human sequences are from refs. [7,29,30]. h,
human; m, mouse.

striction site was used to characterize the presence of the
corresponding RT-PCR-amplified HI-, H2- or H3-chain mRNA
within the bulk of amplified H-chain mRNA-related products.
The results obtained for adult mouse liver RNAs are presented

in Figure 5. Although the amplified HI-, H2- and H3-chain
products were all expected to be 830 bp in length, the crude RT-
PCR product was reproducibly made of two distinct bands, 830
and 870 bp in size (lane 1). Digesting the bulk of RT-PCR
products with Kpnl (lane 3) or PvuII (lane 5) left the 870 bp band
intact whereas this band was completely digested by Sall (lane
4). This restriction pattern as well as the sequencing of these
bands (Table 2, rows 1 and 2) unambiguously identify the
unexpected 870 bp band as the H2-chain RT-PCR product
whereas the 830 bp band represents a mixture of Hi- and H3-
chain products. We suspect that the abnormally slow migration
of the H2-chain RT-PCR band probably results from a sequence-
specific bend in the amplified H2 segment. Finally, the expected
three pairs of restriction fragments were obtained from the RT-
PCR products digested with KpnI, Sall and PvuII used in
conjunction (Figure 5, lane 2) or separately (lanes 3-5). The
grossly similar amounts of these three pairs of restriction
fragments (lane 2) indicate similar levels of mRNA for three H-
chain precursors in adult mouse liver.
The data above demonstrate that our degenerate oligo-

nucleotides and RT-PCR assay are able to co-amplify various H-
chain-related mRNAs. After digestion with all three enzymes at
once, trace amounts of undigested RT-PCR product were still
visible (Figure 5, lane 2), suggesting the existence of previously
undescribed H-chain mRNAs. Subcloning and partial sequencing
of this undigested product provided the known sequences for the
HI-, H2- and H3-chain cDNAs (not shown). This indicates that
further H-chain mRNA lacking all three restriction sites does not
account for this undigested product, which is probably explained
by Taq polymerase-induced errors at the restriction sites in some

indicated as follows: potential tyrosine phosphorylation sites are underlined; a potential
multicopper oxidase domain is double underlined; a von Willebrand type-A domain is marked
with a broken underline. When not all H-chain precursors in the multiple alignment match the
considered sequence, those human and/or mouse H chains that do match it are quoted below
the underlining.

hHl
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Table 1 Potential biological activities associated with H-chain precursors, as Indicated by sequence similarities to other proteins

Software used Motif used
Databank for search for search* Resultt Sequence similarity and associated activity if anyl

PROSITE FASTA

PIR/MIPS FASTA + BESTFIT
PIR/MIPS BLAST

Hu/Mo/Hl,2,3 H2 and H3
Hi and H3

Hu/Mo/H1,2,3 MoHl, MoH3, and Hu/MoH2
Hu/Mo/H1,2,3 HuH2

MoHl

Tyrosine phosphorylation site
Multicopper oxidase, Ca2+-binding domain §
Dihydropyridine Ca2+ channel, a2 subunit (human/rodent)ll
Dihydropyridine Ca2+ channel, a2 subunit (rabbit/rat)l
Collagen VI, ox3 chain (chicken cornea)JI

* A search for a match in the databank was made with each H-chain sequence (Hu, human; Mo, mouse) separately. Other kinds of searches (see the Materials and methods section) gave

negative results.
t The indicated chain(s) contains a sequence that is similar to sequence(s) in the databank. Unless further specified, the similarity found is conserved in human and mouse.

t The corresponding sequences within the H-chain precursor(s) are outlined in Figure 3.
§ Similarity further detailed in Figure 4.
11 Proteins with von Willebrand type-A domain.

Azur-Pseae
Rusl-Thife
Stel-Rhuve
Copa-Psesm
Lacl-Neucr
Plas-Popni
Aso-Cucma
Fa8-Humanl
Fa8-Human2
Fa8 -Human3
Fa5-Humanl
Fa5-Human2
Ceru-Ratl
Ceru-Rat2
Ceru-Rat3
MOH2
MOH3
MOH1

125

131
81

585

543

78

531

323
705

2013
304

1880
331
687

1028

825

771
784

G

G
G

G

G

G

G

G

G

G

G

G

G

G

G

G
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Figure 4 Multiple alignment of the multicopper oxidase domain found in
the mouse H-chain precursors and other proteins

A consensus for proteins that belong to the group of multicopper oxidases with a multicopper
oxidase domain of type 1 was provided by the PROSITE databank [25] and is shown at the
bottom: prosite pattern (X, undefined amino acid residue). This multicopper oxidase domain of
type 1 does not make any assumption on the presence of genuine copper-binding residues and
thus can detect domains that have lost the ability to bind copper [25]. Some proteins with a

proven copper-binding capacity are marked with an asterisk. The positions at which copper
ligands occur in some of the domains are numbered at the top according to the type of copper
binding [33]. Identical amino acid residues found in all sequences are boxed. The number on

the left of each sequence refers to the position of the reverse-printed glycine residue in the
original sequence. Each protein is identified on the left: MOH1, MOH2 or MOH3, mouse

Hi-, H2- or H3-chain precursor. The other proteins listed are from the SWISS-PROT databank
and contain one or more identified sites with a proven or suspected copper-binding activity
(reviewed in ref. [33]): Azur-Pseae, azurin from Pseudomonas aeruginosa; Rusi-Thife,
rusticyanin from Thiobacillus ferro-oxidans; Stel-Rhuve, stellacyanin from Rhus vernicifera;
Copa-Psesm, copper-resistance protein A precursor from Pseudomonas syringae; Lacl-Neucr,
laccase precursor from Neurospora crassa; Plas-popni, plastocyanin from Populus nigra; Aso-
Cucma, L-ascorbate oxidase precursor from Cucurbita maxima; Fa8-Human 1, -2 or -3, human
coagulation factor VIII precursor, domain 1, -2 or -3; Fa5-Human 1 or -2, human
coagulation factor V precursor, domain 1 or -2; Ceru-Ratl, -2 or -3, caeruloplasmin
precursor from Rattus norvegicus, domain 1, -2 or -3.

elongated molecules. Finally, sequencing of the 5' or 3' restriction
fragments produced by cleavage with KpnI, Sall or PvuII
exclusively provided the known HI-, H2- and H3-chain sequences
(Table 2, rows 3-5). This excludes the possibility of previously

517 -

396

298

220

134-

12 3 4 5
Volume (pI... 2 4 4 4 4

Figure 5 RT-PCR with mouse liver RNAs and degenerate oligonucleotide
primers derived from the sequences of mouse H-chain cDNAs

The sequence of each oligonucleotide primer used for PCR is a consensus of three homologous
sequences in the mouse Hi-, H2- and H3-chain cDNAs: the homologous sequences for the
5'-oligonucleotide start at 877 (Hi), 1041 (H2) and 854 (H3); the homologous sequences
for the 3' oligonucleotide end at 1706 (Hi), 1870 (H2) or 1683 (H3). Accordingly, the
degenerate oligonucleotides used were: first oligonucleotide (coding strand) 5'-
TTTGT(G/T)ATTGA(C/T)(A/G)TCAG(C/T)GGCTCCATG-3'; and second oligonucleotide (com-
plementary strand) 5'-AT(A/C/G)GTGAG(A/G)TAGGCCCA(C/G)AG-3'. The expected size of the
amplified product corresponding to the Hi-, H2- or H3-chain cDNA is 830 bp. After digestion
with Kpnl, Sall or PvulI respectively, the expected sizes of the products are: H1, 153 + 677;
H2, 435 + 395; H3, 520 + 310 (see also Figure 1). Lane 1, crude RT-PCR product derived from
adult mouse liver RNAs; lane 2, same RT-PCR product restricted with (Kpnl + Sall + Pvull); lane
3, restriction with Kpnl only; lane 4, restriction with Sall only; lane 5, restriction with Pvull
only. The fragments are identified on the right as follows: *, Hi; 0, H2; 0, H3. Size
markers (kb) are shown on the left. The analysis was made on a 4% acrylamide gel. The relative
volumes (Iul) of RT-PCR products loaded in each lane were variable as indicated at the bottom.

undescribed H-chain mRNAs participating in the amplification
of the KpnI-, Sall- or PvuIl-containing products. In conclusion,
all our sequence data from RT-PCR products primed with
degenerate oligonucleotides provide strong arguments for the
existence of only three H-chain-related mRNAs in mouse liver.

H2- and H3-chain mRNAs are transcribed in mouse brain

In mouse as in primates, transcription of the AMBP, HI, H2 and
H3 genes takes place in liver, as judged by Northern-blot analysis
[13,17,34]. We have now used the accuracy and sensitivity of our
new RT-PCR assay to further investigate whether these mRNAs
could be expressed in other tissues as well. Apart from trace
amounts of transcripts in a limited number of tissues from adult
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Table 2 Sequencing of H-chain-related RT-PCR products from mouse liver
after subeloning
The subcloned DNA is full-length RT-PCR product (830 bp) or fragments thereof after digestion
at an H-chain-specific restriction site (Hi, Kpnl; H2, Sail; H3, Pvull) as indicated in Figure
1. The RT-PCR product or fragments thereof were subcloned into a pGEM-T or pUCBM20
plasmid.

No. Identity of
of clones the sequence

Subcloned DNA sequenced Sequencing primers read on gel

Full-length, 830 bp 4 Universal and H2*
(apparent: 870 bp) H2-specific

oligonucleotides
Full-length, 830 bp 7 Universal Hi or H3
Kpnl, 3' fragment, 6 Universal Hi
677 bp

Sail, 5' fragment, 4 Universal H2
435 bp

Pvull 3' fragment, 6 Universal H3
310 bp

* The full-length sequence of these subclones is 830 bp.

mouse (results not detailed), this study clearly demonstrated a
significant expression of H2- and H3-chain mRNAs in brain.
This is illustrated in Figure 6(a) where the bulk of the RT-PCR-
amplified products were 830-870 bp in size (lane 1) as previously
observed with liver. The amplified products could be digested
with Sall and Pvu II, i.e. the H2- and H3-chain markers
respectively (lanes 4 and 5), but not with KpnI (lane 3), which
indicates the lack of detectable H1-chain mRNA in mouse
brain. Furthermore, H3-chain mRNA clearly predominates over
H2-chain mRNA in brain, as indicated by the relative signal

(a}

1018 -

517 -

396 -

298 -

220 -

134

1 2 3 4 5
Volume (All)l... 1 6 6 6 2

intensities of the H2- and H3-associated bands seen before (lane
1) and after (lane 2) co-digestion with Sall and PvuII. That the
H3-chain mRNA predominates in mouse brain was further
confirmed by (i) a Southern-blot analysis of the crude RT-PCR
product with HI-, H2- or H3-chain-specific probes (not shown)
and (ii) a borderline detection of a single H3-chain mRNA in
mouse brain by Northern-blot experiments [15].

Control RT-PCR experiments were carried out with the mouse
brain RNAs or the H3-chain cDNA subcloned into a pUC
plasmid as templates (Figure 6b). The brain RNA templates
could still be amplified after treatment with RNAase-free
DNAase I (lane 3 in Figure 6b) whereas treatment with DNAase-
free RNAase prevented their amplification (lane 4). These data
rule out the possibility that the H2- and H3-chain bands amplified
from mouse brain RNAs by RT-PCR could result from a
spurious amplification induced by minute amounts of genomic
DNA.

Finally, an RT-PCR experiment with primers corresponding
to mouse AMBP cDNA indicated that AMBP mRNA is not
transcribed in mouse brain (Figure 6c, lane 1) whereas the
corresponding RT-PCR product (517 bp) expected from liver
RNAs is clearly seen (lane 2).

DISCUSSION
To gain further insight into the structure, functions, regulation of
expression and evolution of the bikunin and H-chain precursors
in the laI family, we recently began an analysis of the cor-
responding genes in mouse, i.e. a non-primate species [13-16].
The present study has been primarily devoted to the three H-
chain precursor cDNAs. That our final sequences correspond to
full-length cDNAs is indicated by the excellent match of the
cDNA sizes (2904, 3125 and 2775 bp respectively) with the
published sizes of mouse liver RNAs for these precursors (3.0,
3.2 and 2.9 kb respectively) [13]. Our full-length sequences in

(b) (c)

1018-

517-
396-

1018-

517-
396 -

1 2 3 4

Figure 6 Search for H-chain and AMBP mRNAs in mouse brain by RT-PCR

(a) H-chain mRNAs: restriction mapping of RT-PCR products derived from adult mouse brain RNAs. The experiment, legend and symbols are the same as for Figure 5, except that liver was replaced
with brain. (b) H-chain mRNAs: controls for RT-PCR specificity with mouse brain RNAs. Before PT-PCR, brain RNAs were treated with RNAase-free DNAase (lane 3) or DNAase-free RNAase (lane
4). To demonstrate the validity of the previous test with the RNAase-free DNAase, mouse H3-chain cDNA subcloned into pUCBM21 was left untreated (lane 1) or treated with RNAase-free DNAase
(lane 2) before standard PCR. Size markers (kb) are shown on the left. The analysis was made on a 0.8% agarose gel. The volume used in each case was 20 ,ul. (c) AMBP mRNA: RT-PCR
products amplified with AMBP-specific primers. The primers used were 5'-TATGTGGTCCACACCAACTATGA-3' (coding strand) and 5'-GGACTATGGGGAGATTGCAGGCCG-3' (complementary strand)
according to the AMBP cDNA [16]. The expected PCR product is 517 bp in length. The mouse RNAs used as template were from brain (lane 1) or a control liver (lane 2). Size markers are shown
in the middle. The analysis was made on a 0.8% agarose gel. The volume used in each case was 20 ,Au.
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mouse allowed us to study extensively multiple alignments of
amino acid sequences which provide new functional and evol-
utionary information on the laI family, and alignments of
cDNAs were the basis for transcript analysis by a newly developed
RT-PCR assay.

Because the published N-terminal amino acid sequence of the
human mature H2 chain obtained from purified lal, i.e.
SLPGE... [7,17], is 37 amino acids away from the signal peptide
of the H2-chain precursor (see top of Figure 2), it has been
proposed that a prepropeptide is encoded by H2-chain mRNA
[7]. Processing of this H2-chain precursor would release the
signal peptide as well as a connecting peptide (36 residues in
length) located on the N-terminal side of the sequence SLPGE
[7]. In keeping with the previous proposal, it has also been
considered that a short propeptide in the human Hi- and H3-
chain precursors (HI, ATGR; H3, RSPFRLLGKR) would
separate the signal peptide from the N-terminal sequence of the
corresponding mature H chain [29,30], published as SKSSE ... for
HI and SLPEG ... for H3 [3]. However, sequence data obtained
with a HI-chain polypeptide isolated from purified lal have
recently shown that the N-terminal sequence of the mature HI
chain is SATGR... [31] which contains the ATGR sequence
formerly proposed as a propeptide for HI [29]. This feature
makes the presence of a propeptide sequence in the human Hi-
chain precursor unlikely. Likewise, the proposed limits for the
signal peptide in mouse HI chain (see the Results section) leave
no room for a propeptide sequence in this chain. These features
cast doubts on the overall existence of such propeptide sequences
at the N-terminal side of the H-chain precursors in the laI
family. Therefore we preferred not to include any indication of
such propeptide-cleavage sites in the amino acid sequences shown
in Figure 2. At any rate, if a propeptide sequence did exist in the
H2-chain precursor N-terminus as proposed by others [7], such
a major difference between the H2-chain precursor and the HI-
and H3-chain precursors would be consistent with (i) the poor
sequence alignment noticed in the first 70 amino acids in Figure
2 and (ii) the marked divergence of the H2 gene with respect to
the HI and H3 genes during evolution, as further discussed
below.
Our amino acid similarity searches (Table 1) indicated a

significant similarity of one or more H-chain precursors to the a2
subunit of a dihydropyridine-sensitive Ca21 channel and the a3
chain of collagen VI. These similarities are in fact accounted for
by a stretch of about 200 amino acid residues, the so-called von
Willebrand type-A domain [32] found in the above proteins
among others, as well as in the C-terminal half of the mature HI,
H2 and H3 chains (Figure 2; [35]). A heterophilic binding
capacity for the proteins with one or more von Willebrand type-
A domain(s) seems to be the rule [36] and the targets for proteins
with von Willebrand type-A domain include such varied
molecules as integrins, collagen, proteoglycans and heparin [36].
Hyaluronic acid has recently been described as a ligand for the
C-terminal half of the mature HI and H2 chains [12]. Therefore
we propose that the von Willebrand type-A domains in the H
chains account for the hyaluronan-liganding activity reported
for some lal family molecules [11,12,37].
The blue copper-containing oxidases and related proteins

form an extremely ancient and diverse group of quite distantly
related molecules found in bacteria, plants and animals. They
retained or lost the ability to bind the so-called type-1, -2 or -3
copper, and may or may not have a known function related to
their copper-binding domain(s) 133]. Of the plasma proteins,
caeruloplasmin and coagulation factors V and VIII are examples
of such molecules in which six active and/or inactive repeats of

cations in a shared ancestor for caeruloplasmin and factors V
and VIII ([33] and Figure 4). Our analyses did not reveal any
sequence similarity between the H-chain precursors and caerulo-
plasmin or factors V and VIII, nor did we find any indication of
domain duplication in the H-chain precursors. Therefore the
present inclusion of the H-chain precursors in the group of
proteins with multicopper oxidase domain(s) extends the number
and types of plasma proteins so classified. Some members of the
multicopper oxidase protein group have lost the ability to bind
copper [33]. Therefore we do not yet know whether an active
multicopper oxidase domain is present in the C-terminal region
of the three H-chain precursors. Furthermore, this C-terminal
region is trimmed off in all three mature H chains [1,7] and
therefore it is not amenable to enzymic analysis carried out with
purified plasma molecules such as lal, IaLI or Pal. However,
our observation of a potential metal-binding capacity for these
trimmed C-terminal segments of the H-chain precursors is a first
step toward the understanding of a function for these C-terminal
segments.
We have investigated how many H-chain mRNAs are de-

tectable in mouse liver with a specially designed RT-PCR assay.
For this purpose, the tight homologies observed in given areas of
the mouse HI-, H2- and H3-chain cDNA sequences were used to
design degenerate oligonucleotides which should amplify any H-
chain-related mRNA in mouse. This includes the three known
H-chain mRNAs and any further H-chain mRNAs provided
that they are homologous with the former three in the two areas
used for oligonucleotide design. Only three H-chain mRNAs
were finally detected in liver with this assay and they correspond
to the known HI-, H2- and H3-chain cDNAs, as demonstrated
by restriction mapping and sequencing. Therefore the existence
of further H-chain mRNAs in mouse liver is quite unlikely. In
man as well as in mouse, the identical level of divergence between
the three H-chain precursors (Figure 3) demonstrates that the set
of three H-chain genes arose from a shared ancestor before the
man-mouse divergence, as recently proposed [13,14], and evolved
at a very similar rate in both species thereafter. This divergence,
which occurred 80 million years ago, and the 15-17% of amino
acid residues that are different for any H chain between these two
species (Figure 3) indicate a mutation rate of 0.2% amino acid
residues per million years. Assuming that the rate ofthis evolution
was similar before and after the man-mouse divergence, it is
possible to date the separation of the H2 and HJ/H3 genes back
to 300 million years ago, whereas the HI and H3 genes diverged
later, about 230 million years ago. It is remarkable that this
suggested timing of the occurrence of the H-chain gene family is
synchronous with the proposed timing (< 270 million years ago)
for the occurrence of the AMBP gene [16], one product of which,
i.e. bikunin, is assembled with the H chains into lal, laLI and
Pal molecules.
The dogma of a strictly liver-restricted transcription of the

AMBP, HI, H2 and H3 genes, as inferred from Northern-blot
experiments, has long been known [13,17,34]. The sensitivity and
accuracy of our RT-PCR now provides unambiguous evidence
for a further transcription of the H2 and H3 genes in mouse
brain. The similar level of transcription of the three H genes in
mouse liver contrasts with the observed predominance of the H3
transcript in brain, which suggests that the H3 chain is the major
lac-family-related polypeptide in brain. Furthermore, the ob-
servation that AMBP mRNA is undetectable by RT-PCR with
mouse brain RNAs implies that the H3-chain precursor does not
participate in (H3 + bikunin) assembly in brain. This contrasts
with what is seen in liver where this assembly provides the Pal
molecule. Likewise, the lack of transcription of the Hl gene in

mouse brain implies that synthesis of lal molecules, i.e.a basic copper-binding domain are indicative of domain dupli-
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(HI + H2 + bikunin), does not occur in brain. Therefore in brain
the H3- and H2-chain precursors could be a source of single
polypeptide molecules with brain-specific functions that remain
to be elucidated.
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